Wind-over-wave in situ measurements are typically conducted in two different fashions: either by means of waveriding buoys, or by placing anemometers well elevated above the surface. Routinely, concept of the constant-flux layer is invoked to convert one into another as necessary. In the paper, comparisons of mean wind speeds and wind-momentum fluxes are conducted, based on measurements throughout the wave boundary layer, including wave-follower measurements very near the surface. Significant deviations from the constant-flux expectations are found. Near the surface, the fluxes are less than those obtained by extrapolation within the logarithmiclayer assumption, and the mean wind speeds are correspondingly larger. Such results have significant implications for modelling the wind-generated waves and for calibrations of remotely sensed surface wind conditions.
INTRODUCTION
Knowledge of the winds over the ocean surface is important across a broad range of engineering and geophysical applications. In the engineering context, wind forcing imposes loads on offshore oil and gas fixed and floating production facilities. In the geophysical sense, boundary-layer winds are an essential element of air-sea interactions and their turbulent nature controls fluxes between the atmosphere and the ocean.
Most importantly, from both points of view, winds over the ocean generate waves and produce surface currents, and serve as a source of energy and momentum for further development of those. The wind-wave/current exchanges happen directly at the ocean interface, but measuring wind speeds and momentum exchanges right at the surface is difficult in field conditions. Therefore, measurements (or modelling) of winds are often conducted at some elevation above the mean water surface, and the 10m elevation is routinely accepted as a standard height for representative wind speed U 10 . Both wind measurements and outputs of atmospheric meteorological models are typically extrapolated to this 10m height to serve as input for waveforecast models.
Semi-logarithmic profile of the wind speed is usually assumed in the atmospheric boundary layer, by analogy with the fluid flow over the solid wall (e.g. Landau and Lifshitz, 1987) . In the geophysical system, this logarithmic profile
is the solution of the horizontal-momentum equations for the near-surface boundary sublayer dominated by friction forces, both viscous and turbulent (e.g. Komen et al., 1994) :
(2) Here, U is wind speed at height z above the mean undisturbed water level, κ=0.4 is dimensionless von Karman constant, z 0 is the surface-roughness length scale (note that this scale is orders of magnitude smaller than the wave height (e.g. Kitaigorodskii, 1970) ). In general case, (1) should accommodate the surface current. In Lake George, concurrent measurements included the current, which was negligible and usually perpendicular to the wind/wave direction . The so-called friction velocity u * has dimension of speed, but is not a speed anywhere in the physical space. By definition, it is a characteristic of the vertical flux of the horizontal momentum, or turbulent wind stress τ:
Here, we also introduced drag coefficient C d , a very prominent property in the air-sea interaction modelling. This purely empirical coefficient is meant to allow to convert measurements or predictions of the mean wind speed, which are easily available, into momentum flux which is much more difficult to obtain. In reality C d , which de facto is supposed to replace the entire physics of the boundary layer, is not a number and not even a simple function of the wind or wave age as it is often presented, but depends on very many properties and features of the air flow, atmospheric boundary layer, ocean surface, wave fields and wave dynamics (Babanin and Makin, 2008) . In the boundary sublayer described by (2), the wind stress τ, apparently, does not depend on height z (the constant flux layer). Friction velocity u * and therefore turbulent stress τ can be obtained from the wind profiles (1) or can be measured directly:
where U' and w' are oscillations of the horizontal and vertical velocities, correspondingly.
Comparisons of friction velocity obtained from the velocity profile (1) and from the measurements of turbulence stresses (4) have been conducted and show good agreement, except for low wind speeds U 10 < 4m/s where the condition of constantflux layer is most likely not satisfied (Babanin and Makin, 2008) . Overall though, in any conditions the analogy with the flow over solid wall is only approximate and needs multiple empirical modifications, for example, adjustments of the logarithmic profile (1) to account for deviations caused by atmospheric stratification (Monin and Obukhov, 1954) .
The main difference with the solid wall, however, is that due to presence of waves at the surface below the air flow. Most of the energy lost from the wind over the ocean is not dissipated to the heat, but is passed on to waves and currents, largely to the waves. The waves redistribute the energy within the wave spectrum by means of nonlinear interactions (Hasselmann, 1962) , part of which can go to waves moving faster than the wind and be returned back to the wind (e.g. Donelan, 1999) . The waves grow in response to the wind forcing and therefore the surface roughness produced by the waves changes dynamically (e.g. Kitaigoroskii, 1970 , Komen et al., 1994 . The wavy surface is never homogeneous, waves form groups and break sporadically thus causing localised enhancements of the sea drag (e.g. Babanin et al., 2007) .
Importantly, the waves create their own Wave Boundary Layer (WBL) in the atmosphere (e.g. Chalikov and Rainchik, 2011) , superposed on the near-surface boundary sublayer discussed above. Within such sub-sublayer, dynamics is very different from the constant-flux ideas. Wave-induced fluxes are not constant, they oscillate in magnitude and alter the sign. Wave-coherent pressure/velocity fluctuations are produced. Magnitude of such fluctuations depends on a variety of characteristics of wind-wave exchanges, and their phase is shifted with respect to the wave that produced them (e.g. Donelan et al., 2006) . These pulsations decay rapidly away from the surface, but down close to the surface the waveinduced flux dominates and ultimately replaces the flux due to random turbulence (e.g. Kudryavtsev et al., 2001) . The vertical extent of WBL depends on wavelength of dominant waves, which for the wind-generated waves is from tens of meters to hundreds of meters depending on stage of wave development.
Within WBL, deviations from (1)-(4) expressions and predictions can be expected, and these deviations have large practical significance for engineering, meteorological and geophysical applications. First of all, extrapolations based on assumed logarithmic profile may not be accurate or even correct, particularly as the 'standard' 10m wind-measurement height may be in or out WBL depending on wave conditions, i.e. length of dominant waves which defines the vertical extent of WBL and wave height which determines the intensity of wave-induced fluxes (Donelan et al., 2006) . This would impact estimates of the mean wind speed. Disruptions of the constant flux layer bring about uncertainty and ambiguity about the turbulent stress and momentum flux (2)- (4).
Such uncertainties are particularly relevant with respect to buoy measurements of the wind speed. Buoy-located anemometers move and in the ideal scenario are kept at the constant height above an instantaneous water surface rather than above the mean water level like the 'standard' representative wind reference. Because they are close to the surface, sometimes even below wave crests, they are likely to be within WBL and therefore moving through the oscillatory vertical fluxes of horizontal momentum in a complicated manner.
In this paper, measurements of the mean wind speeds and momentum fluxes conducted through what is meant to be constant-flux layer are analysed, including those very close to the wavy water surface. The latter is conducted by a wave follower both in the following and stationary (i.e. fixed above the mean level) modes. Important questions are two: how do extrapolations of measurements by surface-following device to the standard height above the mean water level compare with the actual stationary measurements at 10m, and how do the following measurements and the stationary measurements compare with each other within WBL. The latter comparison, apparently, has to be above the height of wave crests. Section 2 describes the measurements and the methods, and Section 3 presents the results followed by the Conclusion section.
LAKE GEORGE MEASUREMENTS IN THE NEAR-SURFACE ATMOSPHERIC BOUNDARY SUBLAYER
The Lake George finite-depth field experiment is welldocumented in literature and we refer to for the most complete summary and to Donelan et al. (2005) for details of wave-following system and measurements. The aim of the Lake George project was to measure source/sink functions simultaneously, as well as the fetch-limited wave evolution. An integrated set of instruments was deployed in all four relevant environments: the atmospheric boundary layer, the water surface, the water column and the bottom boundary layer. All measurements were synchronised and many of them were intentionally redundant in order to provide means for crosschecks, consistency verifications and balance closures (e.g. . This redundancy proved particularly helpful in the present study where wind probes placed at different heights and in different positions through what was expected to the a constant flux layer showed essential differences of the fluxes measured.
The waves were recorded with a stationary directional eight-probe wave array and by a set of mobile one-probe arrays which were used to record short-scale spatial variability of wave trains. Detection of breaking events was also carried out by multiple means .
Here, we are mainly interested in the air-side boundarylayer observations. The wind profile was obtained by means of the anemometer mast with 6 cup anemometers logarithmically spaced from 10m height down to 0.5m above the mean sea level. The wind directions were measured at 10-m and 1-m heights. The wind probes were Aanderaa Instruments Wind Speed Sensors 2740 and Wind Direction Sensors 3590. The speed sensor provided 1-min average wind speeds and gusts. Accuracy of the wind speed measurements is ±2% or 0.2 m/s whichever is greater.
The cup anemometers allowed direct estimates of wind speeds at the 6 heights and estimate of u * from (1) if the profile indeed was logarithmic. Such profiles for a selection of wind speeds are shown in Fig. 1 (top) , averaged over 20min. 1-min average profiles of the third 20-min profile of the top panel are shown in Fig. 1 (bottom) . Note that vertical locations of the anemometers relative to the mean water level slightly vary due to varying water depth in the shallow Lake George. Useful observation here is that adaptation of the logarithmic boundary layer to the meanwind variations is very rapid: certainly at the scale of 1min the profile manages to adjust to a new U 10 wind and establish a new logarithmic profile. Overall, correlation coefficients of the fits of this measured data to logarithmic profiles were above 99%, and no significant deviations from the logarithmic profile were evident. Significant wave height caused by winds shown in Fig. 1 (top) was, from left to right, H s = 0.14, 0.19, 0.41 and 0.46m, respectively. With the bottom probe being 50-60cm above the mean water level at the time, this means that in case of the lighter winds it was 4 to 3 H s above the mean sea level, whereas in the last two cases only about one wave height, and even less than that over the mean wave crests. Therefore, for such wind speeds and wave heights readings of the bottom wind sensor of the anemometer mast may have been affected by WBL as will be discussed in Section 3. For redundancy in the wind speed measurements and for momentum-flux estimates, a Gill Instruments Ultrasonic Anemometer was also deployed on the mast, with the sensing volume some 4.6m above the varying mean water level, and sampled the three-dimensional air velocity at 21Hz rate. In Babanin and Makin (1985) , 33 wind records taken in different conditions simultaneously by the anemometer mast and by the sonic anemometer were compared. Overall matching in terms of absolute values of u * obtained from the profile (1) and from the flux (4) was good, with correlation coefficient of 95% and sampling standard deviation of 0.06m/s. Horizontal velocity U used for the turbulent stress (4) was the length of vector sum of the down-wind and cross-wind components.
During a dedicated phase of the Lake George experiment, the wave follower developed at the University of Miami was deployed (Donelan et al., 2005) . It was the primary tool to enable direct measurements of the wind energy input. In Fig. 2a it is shown positioned on the measurement bridge during the field experiment. As can be seen, the follower was installed on a special platform that could be rotated and thus allowed for changes in the orientation of the follower's probe to align it into the wind and wave directions. The signal from a resistance probe, consisting of a loop of wire with vertical arms separated by 10cm, was used to determine the instantaneous position of the surface midway between the vertical arms, that is in the same (x, y) position as the ports of the Elliott pressure disk (Elliott, 1972) which was constrained to move vertically by the wave follower. This is the signal that the wave follower was designed to follow. An example of the follower in operation is shown in Fig. 2b with an Elliott pressure disc at the bottom, a hot-film set directly above, and a Pitot tube at the top.
The wave-follower instrumentation sampling frequency was 50Hz, twice the rate of the other instrumentation. To synchronise the two independent measurement systems, a saw tooth signal was generated and recorded by both the wave follower and the main logging computer. When operating in the following mode, the wave follower and the water surface were videotaped at the rate of 25 frames per second. The frames were also synchronised with the other measurements.
In this paper, hot-film records from the wave follower are used in addition to the anemometer-mast and sonic-anemometer wind and flux measurements as shown in Fig.3 schematic. Two hot-film probes were located on the wave follower: one on the moving arm, 10-cm above the Elliott probe, and a stationary pair on the body of the follower 1.5-1.7m above the water surface (depending on the varying water depth). The hot-film records enabled us to obtain variations of the local stresses (4) very close to the surface in conjunction with other wind and wave properties and to estimate mean momentum fluxes. Note, however, that the hot films are two-dimensional sensors and were positioned to measure both U' and w' components of the wind, but U is not the full horizontal vector component as it is for the sonic anemometer. As mentioned above, the wavefollower platform was always turned into the mean wind direction at the time, so for the hot-film records U is the main horizontal component of the wind speed, but depending on the intensity of the lateral oscillation v' it is expected to be slightly smaller than the total turbulent stress measured by the sonic. 
RESULTS
Details of the experiments and air/sea conditions, i.e. wavelengths, wave heights and distances from the surface for measurements conducted by the wave follower at Lake George are given in Table 1 of Donelan et al. (2006) . Here we will mention that the distances of the bottom hot wire from the surface were from 12 to 48 cm, ratios of the bottom hot-film elevation to H s were from 0.7 to 7 and ratios of this elevation to wavelength from 0.04 to 0.23. As described above, the bottom hot film was located at the moving arm of the follower, and it was operated in two modes: following and fixed. In case of the latter mode, the arm was not moving and then all the sensors were located above the wave crests.
As discussed above, wave-induced fluxes in WBL should depend both on wavelength and height of the waves which produced them (see also Donelan et al., 2006) . Scatter of the data, however, was large and it proved not possible to stratify the measurements in these terms. Here, the flux measurement are separated into three large groups: those by the sonic anemometer, by the top hot film and by the bottom hot film. The top hot film was always stationary, but for cross-references with the bottom film the following-mode records are designated with asterisks in the Figures and the fixed-mode records with circles, for both hot films.
In Fig. 4 , top-hot-film and bottom-hot-film measured stresses are compared with those measured by the sonic anemometer well above the surface (~4.6m). Blue colour signifies the bottom hot film, and red colour the top.
Friction velocity u * obtained from the hot films is compared with the sonic u * in the top subplot of Fig. 4 .
Straight line here marks 1:1 ratio. As expected, the Reynolds stress based on two-dimensional hot-film velocities is always smaller then the three-dimensional velocity stress of sonic anemometer, and therefore the hot-film measurements are always below the line. Difference between the top hot film and bottom hot film, however, extends well beyond this expectation. Note that zero-reading values have to be disregarded, these are points where either hot film or sonic anemometer did not have a reading. This difference is quantified in the bottom panel of Fig. 4 where ratio of hot-film u * to the sonic u * is plotted versus U 10 wind speed from the anemometer mast. For both groups, the ratio is rather constant. Mean ratio of the top u * to the sonic u * is 0.86, and for the bottom u * it is 0.32, i.e. 2.7 times smaller (which is 7.3 times for the fluxes). This difference cannot be attributed to the fact that the bottom probe was moving and following the surface. On average, there is no difference between the readings taken in the following and fixed modes of data sampling. Therefore, the remarkable reduction of the fluxes near the surface, with the top hot film and bottom hot film just over 1-m apart, should be linked to the properties of the Wave Boundary Layer superposed on the constant-flux layer as discussed in Section 1 above.
In the constant-flux layer, smaller turbulent stresses would signify a reduction of surface resistance and acceleration of the mean wind speed. In WBL, however, this is not so obvious as the momentum is now taken from the wind through the airpressure/wave-slope term p !! !x where pressure oscillations are wave-induced and not random on average as represented by the overbar. Exact balance of the turbulent momentum flux τ and the above mentioned wave-induced momentum flux is not known analytically and has to be modeled numerically by means of, for example, coupled three-dimensional model of nonlinear waves and WBL like in Chalikov and Rainchik (2011) . Here in Fig.5 , we take an empirical view of this. In Fig. 5 , mean wind speed at the bottom hot film is predicted by assuming the logarithmic law (1) and using measurements of the mean wind speed and friction velocity by the top hot film (horizontal scale). This predicted speed is compared with the actual measurements of the mean wind speed by the bottom hot film (vertical scale). The straight line is 1:1 ratio.
All the data points, both for the following and fixed modes, are above the line. Therefore, the actual wind speed very near the surface is always larger than the extrapolation. Mean ratio of the two is 1.05, that is the systematic difference is 5% in this set of measurements.
In the paper, measurements of winds and turbulent stresses very near the surface of ocean waves are conducted and compared with measurements within the constant-flux layer away from the surface. The turbulent stress towards the surface is reduced dramatically, some 7 times, whereas the mean wind speed is increased by some 5% compared to predictions based on the logarithmic profile.
Practical significance of such observations is large, for example, for measurements conducted within the Wave Boundary Layer by buoys. If such buoy wind speeds extrapolated away from the surface by means of logarithmic profiles, to the 10m standard height or above, the actual values of wind speeds may be overestimated. If the buoys are used to directly measure turbulent stresses, then, depending on the height of the anemometer mast on the buoy, such stresses can be very essentially underestimated.
In the meteorological context, implications of these results are not very clear. On one hand, the concept of the constant flux layer needs serious modifications. On the other hand, the observed reduction of the turbulent stresses can be expected, since near the wavy surface part of the momentum flux is supported by wave-induced pressure/velocity fluctuations. Relative change of the total vertical flux of horizontal momentum, if any, needs to be determined by means of detailed modelling of the boundary layer with account on waveinduced effects.
